Highly -elliptically birefringent fibres have been obtained by spinning a linearlybirefringent fibre during the draw. These fibres are particularly interesting for use in Faraday-effect fibre current monitors, since, in contrast with conventional fibres, they can be wound in small multi -turn coils and retain their sensitivity. We show that here the fibre output state of polarisation can be controlled to compensate for environmental perturbations using only one remote active element. Using a compact 80 -turn fibre coil, currents up to 370 A rms have been measured, with a maximum sensitivity of 100NA rms Hz-.
Introduction
A numb r o4 optical -fibre current monitors based on the Faraday effect have been described-"2". All have in common the requirement that linear birefringence in the fibre must be eliminated in order to prevent it interfering with the small Faraday polarisatonrotation induced by the electric current. Low birefringence fibres or twisted fibres are generally used.
The requirement for negligible residual linear-birefringence places a severe restriction on the size of the fibre coil and the number of turns which can be used, since bending and packaging readily reintroduce linear birefringence.
Ideally a fibre which is resistant to pckaging effects should be employed, such as a strongly circularly -birefringent fibre . However, these fibres are difficult to bend owing to their large diameter and are therefore better suited to large coils of a few turns, as typically used in power -utility current monitoring.
The problem has recently been overcome7 by the development of fibres which exhibit large elliptical-birefringence. The fibres are made by spinning highly linearlybirefringent Bow -Tie fibres during the drawing process so as to impart a built -in rotation of the birefringent axes.
By careful choice of the spin rate relative to the linear birefringence, the resulting elliptically -polarised eigenmodes can be made quasi -circular and the fibre response to magnetic fields then approximates that of an isotropic or circularly -birefringent fibre.
The advantage of the approach is that the fibres still retain a sufficiently large value of elliptical birefringence to impart a high resistance to external perturbations. Thus very small, multi -turn coils can be wound and this enables an extension of the sensitivity of fibre current monitors into the sub-milliamp region.
A disadvantage of the spun -birefringent fibre approach is that being dependent on the thermal-stress induced linear-birefringence, the resulting elliptical birefringence is therefore temperature dependent.
The output polarisation state from the current monitor will drift slowly with time and must be either tracked or compensated.
We report here a simple remote compensation scheme which uses only one active element to achieve polarisation control.
Theory
The net birefringence of a spun fibre can be represented by two lumped birefringent elements, a retarder R(z) with principal -axis orientation i(z), and a rotator 0(z). The retardation and rotation along the fibre as a function of length z can be expressed in terms of the unspun linear -birefringence Ap, spin twist rate c and Faraday -induced rotation angle per unit length f by R(z) = 2 sin -1 ¶ 
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Ideally a fibre which is resistant to packaging effects should be employed, such as a strongly circularly-birefringent fibre . However, these fibres are difficult to bend owing to their large diameter and are therefore better suited to large coils of a few turns, as typically used in power-utility current monitoring.
The problem has recently been overcome by the development of fibres which exhibit large elliptical-birefringence. The fibres are made by spinning highly linearlybirefringent Bow-Tie fibres during the drawing process so as to impart a built-in rotation of the birefringent axes.
By careful choice of the spin rate relative to the linear birefringence, the resulting elliptically-polarised eigenmodes can be made quasi-circular and the fibre response to magnetic fields then approximates that of an isotropic or circularly-birefringent fibre. The advantage of the approach is that the fibres still retain a sufficiently large value of elliptical birefringence to impart a high resistance to external perturbations. Thus very small, multi-turn coils can be wound and this enables an extension of the sensitivity of fibre current monitors into the sub-mil1iamp region.
A disadvantage of the spun-birefringent fibre approach is that being dependent on the thermal-stress induced linear-birefringence, the resulting elliptical birefringence is therefore temperature dependent. The output polarisation state from the current monitor will drift slowly with time and must be either tracked or compensated. We report here a simple remote compensation scheme which uses only one active element to achieve polarisation control.
The net birefringence of a spun fibre can be represented by two lumped birefringent elements, a retarder R(z) with principal-axis orientation <)> (z) , and a rotator H(z). The retardation and rotation along the fibre as a function of length z can be expressed in terms of the unspun linear-birefringence Ap, spin twist rate £ and Faraday-induced rotation angle per unit length f by R(z) = 2 sin"" 1 <{ -sin yz We assume here that negligible torsional stress (i.e. post -draw twist) exists in the fibre. (5) Both the net retardance and rotation of the fibre vary as a result of the temperature dependence of Ap (approx. 0.1% C -1)8 and this leads to an instability in output polarisation state.
However, it is clear from expressions (1) and (2) that if we inject linearly -polarised light into the fibre and arrange that yz is an integer number of s radians, the net retardation of the fibre R(z) will be zero (for small f).
In this case the output will be linearly polarised, but rotated simply by the fibre twist, i.e. SI(z) = ;z, which is not temperature dependent. Thus if we servo the fibre to maintain yz as a multiple of 4, the output polarisation state will be plane polarised with a stable orientation, despite temperature changes.
It transpires that the required yz condition can be met by piezo -electrically stretching a short section of the spun fibre to modify9 its linear birefringence component Ap. This can be done near the receiver, i.e. remotely from the fibre transducer coil. The Faraday rotation will then appear as a small modulation on the output polarisation state at a frequency which in most a.c. applications is far higher than ambient temperature fluctuations. Note that vibration is not a problem owing to the averaging affect of the rotating state of polarisation along the length of the fibre.
Experiments involving large vibrations have confirmed this.
Experimental
If a fibre coil of diameter D is wound around a cgnductor carrying a current I, the local Faraday rotation f per unit length is given by': f = VoH = 1.45 x 10-6 D rads.m-1 (5) where Vo is the Verdet constant (at 633nm) and H is the magnetic field. A fibre having linear -birefringence, Ap(633nm) = 3140 rads m -1 was spun during the draw at a twist rate = 4000 radians m-1. The resulting fibre had an elliptical beat -length L (633nm) = 10.5mm, an NA of 0.14 and cut -off wavelength 600nm.
Fifty turns of the fire were tightly coiled around a piezo -electric cylinder (PZT) of 25mm diameter to form the compensating stretcher and 80 turns were used on a small plastic former of 30mm diameter as the transducer coil (Figure 1 ).
Coils as small as 7mm in diameter have also been successfully employed.
The PZT is used to strain the fibre9 and thus modify its linear birefringence Ap. In this way the required yz condition can be met (equations (1) and (5)). An alternative approach is to servo the wavelength of the light source, since the linear birefringence component in equation (5) has an inverse dependence on wavelength.
A linearly -polarised multi -longitudinal mode HeNe laser was launched into the fibre with polarisation angle 8i aligned to the local fast -axis of the fibre (i.e. 01 =90, inset Fig. 1 ). The fibre output was collimated and analysed using a Wollaston prism aligned such that its axes 0a, 0b (inset Fig. 1 ) were related to the input polariser orientation 8i by 0a,b = ei + Cz ± 4 radians (6) i.e. at 45° to the orientation of the output polarisation principle axes.
The intensity of the two orthogonal polarisation states, I1 and I2 were measured and electronically processed to obtain the ratio
sin2(c-tz) (7) We recall that from the previous discussion the required temperature-independent condition is met when R =O, at which point the rotation S2 = tz and the ratio in equation (7) passes through zero.
Servoing the fibre stretcher to achieve a null in the ratio therefore ensures the desired operating point. Since the environmental temperature fluctuations are low frequency (< 10Hz) they can be separated from the current measurement (50Hz or greater) for the purpose of servo control by simple low -pass filtering (Figure 1 ). In this way low-frequency environmental perturbations of the fibre were effectively eliminated and the mean rotation maintained at (z -mgr rads (m an integer).
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We assume here that negligible torsional stress (i.e. post-draw twist) exists in the fibre.
Both the net retardance and rotation of the fibre vary as a result of the temperature dependence of Ap (approx. 0.1% C ) and this leads to an instability in output polarisation state. However, it is clear from expressions (1) and (2) that if we inject linearly-polarised light into the fibre and arrange that yz is an integer number of IT radians, the net retardation of the fibre R(z) will be zero (for small f).
In this case the output will be linearly polarised, but rotated simply by the fibre twist, i.e. ft(z) = £z, which is not temperature dependent. Thus if we servo the fibre to maintain yz as a multiple of ir , the output polarisation state will be plane polarised with a stable orientation, despite temperature changes.
It transpires that the required yz condition can be met by piezo-electrically stretching a short section of the spun fibre to modify its linear birefringence component Ap . This can be done near the receiver, i.e. remotely from the fibre transducer coil. The Faraday rotation will then appear as a small modulation on the output polarisation state at a frequency which in most a.c. applications is far higher than ambient temperature fluctuations. Note that vibration is not a problem owing to the averaging affect of the rotating state of polarisation along the length of the fibre.
If a fibre coil of diameter D is wound around a conductor carrying a current I, the local Faraday rotation f per unit length is given by : f = V Q H = 1.45 x 10" 6 i rads.nT 1
where VQ is the Verdet constant (at 633nm) and H is the magnetic field. A fibre having linear-birefringence, Ap(633nm) ^ 3140 rads m was spun during the draw at a twist rate £ ~ 4000 radians m~~ . The resulting fibre had an elliptical beat-length L (633nm) ^ 10.5mm, an NA of 0.14 and cut-off wavelength 600nm.
Fifty turns of the fiore were tightly coiled around a piezo-electric cylinder (PZT) of 25mm diameter to form the compensating stretcher and 80 turns were used on a small plastic former of 30mm diameter as the transducer coil (Figure 1 ). Coils as small as 7mm in diameter have also been successfully employed.
The PZT is used to strain the fibre and thus modify its linear birefringence Ap . In this way the required yz condition can be met (equations (1) and (5)). An alternative approach is to servo the wavelength of the light source, since the linear birefringence component in equation (5) has an inverse dependence on wavelength.
A linearly-polarised multi-longitudinal mode HeNe laser was launched into the fibre with polarisation angle 6^ aligned to the local fast-axis of the fibre (i.e. 6^ ^90, inset Fig. 1 ). The fibre output was collimated and analysed using a Wollaston prism aligned such that its axes 6 a , 6^ (inset Fig. 1 ) were related to the input polariser orientation 9^ by 0 a»b = 6 i + Cz ± | radians (6) i.e. at 45° to the orientation of the output polarisation principle axes. The intensity of the two orthogonal polarisation states, 1^ and I 2 were measured and electronically processed to obtain the ratio I-1 1 + cosR sin2(ft-Cz) (7) M + I 2 2 We recall that from the previous discussion the required temperature-independent condition is met when R=0, at which point the rotation ft = £z and the ratio in equation (7) passes through zero.
Servoing the fibre stretcher to achieve a null in the ratio therefore ensures the desired operating point.
Since the environmental temperature fluctuations are low frequency (< lOHz) they can be separated from the current measurement (50Hz or greater) for the purpose of servo control by simple low-pass filtering (Figure 1) . In this way low-frequency environmental perturbations of the fibre were effectively eliminated and the mean rotation maintained at £z -mir rads (m an integer).
As a result of its departure from pure circular birefringence, the current sensitivity of the elliptically -birefringent fibre employed was 0.85 of that of an ideal fibre. In addition, it should be noted that, in contrast to a circularly -birefringent fibre, the sensitivity depends on the input and output polarisation alignment.
Nonetheless, the control loop will stabilise the fibre output even in the presence of alignment errors.
Results
Ten turns of wire were fed through the coil to provide an equivalent current of lA rms. The current was then measured optically using the ratio technique, as previously described. The result was displayed on a signal analyser in order to identify the noise sources. Figure 2 shows a typical current measurement in which the current was a 10kHz sine wave. Here the measurement range was 0 to 25.6kHz and the resolution bandwidth 48Hz. The measurement is refer,nced to the sensitivity calculated for the coil using the known spin/birefringence ratio and assuming a Verdet constant of 4.54 x 10-radians /ampere . The optical and direct measurements of current are in excellent agreement and demonstrate the high sensitivity of the current monitor. Although only 0.2mW of optical power was received, the fibre transducer sensitivity at 10kHz is 100 pA rms.Hz-1/ for 1 turn of the conductor, which is equal to the calculated shot -noise limit. However, the device suffers from a noise component at -15kHz, which is attributable to the switching power supply of the HeNe laser, and low-frequency noise. Figure 3 shows the low-frequency noise in more detail.
Here the measurement range was 0 to 1.6kHz with a resolution bandwidth of 3Hz. It can be seen that the current sensitivity is limited by 1/f -type noise to about 100mA in the range DC to 300Hz, but at frequencies above this tends to the shot -noise limit.
Further investigations show that the low-frequency noise is attributable to wavelength instabilities in the laser source (frequency jitter) which interact with the fibre birefringence (Ap is wavelength dependent) and result in polarisation instabilities at the output of the fibre. The effect was found to vary slightly with make of laser used.
The use of a stabilised single -mode HeNe laser should reduce this limitation considerably.
Currents up to 370A rms. (the limit of our generating capability) were also measured using the coil and a single wire turn. Figure 4 demonstrates the linearity of the device, the comparison accuracy being limited largely by the accuracy of the copper currenttransformer measurement.
The bandwidth of the present device is limited by the processing electronics to 150kHz. The fundamental bandwidth limit is caused by transit -time effects in the coil which in our case gives a bandwidth of -13MHz (7.5m fibre length). This serves to emphasise a further benefit of small fibre coils, since the transit -time can be minimised and provide high bandwidth.
Conclusions
A current monitor incorporating 80 turns of spun highly-birefringent fibre has been demonstrated.
The fibre was tightly coiled to a diameter of 30mm without special precautions.
No significant reduction in sensitivity occurred due to linear birefringence effects.
Active compensation for environmental drifts in the output polarisation state has been demonstrated using a piezo-electric fibre stretcher.
The approach enabled accurate current measurements up to 370 A rms, with a sensitivity of 100íA rms.Hz -for 1 turn of the conductor. Further work using a larger number of turns and more injected power should result in even greater sensitivity, possibly of a few microamps.
As a result of its departure from pure circular birefringence, the current sensitivity of the elliptically-biref ringent fibre employed was 0.85 of that of an ideal fibre . In addition, it should be noted that, in contrast to a circularly-biref ringent fibre, the sensitivity depends on the input and output polarisation alignment. Nonetheless, the control loop will stabilise the fibre output even in the presence of alignment errors.
Results
Ten turns of wire were fed through the coil to provide an equivalent current of 1A rms . The current was then measured optically using the ratio technique, as previously described. The result was displayed on a signal analyser in order to identify the noise sources. Figure 2 shows a typical current measurement in which the current was a 10kHz sine wave. Here the measurement range was 0 to 25.6kHz and the resolution bandwidth 48Hz. The measurement is referenced to the sensitivity calculated for the c oil using the known spin/birefringence ratio 7 and assuming a Verdet constant of 4.54 x 10~6 radians/ampere 2 . The optical and direct measurements of current are in excellent agreement and demonstrate the high sensitivity of the current monitor. Although only 0 . 2mW of optical power was received, the fibre transducer sensitivity at 10kHz is 100 pA rms. Hz for 1 turn of the conductor, which is equal to the calculated shot-noise limit. However, the device suffers from a noise component at ~ 15kHz, which is attributable to the switching power supply of the HeNe laser, and low-frequency noise. Figure 3 shows the low-frequency noise in more detail. Here the measurement range was 0 to 1.6kHz with a resolution bandwidth of 3Hz .
It can be seen that the current sensitivity is limited by 1/f-type noise to about 100mA in the range DC to 300Hz, but at frequencies above this tends to the shot-noise limit.
Further investigations show that the low-frequency noise is attributable to wavelength instabilities in the laser source (frequency jitter) which interact with the fibre birefringence (Ap is wavelength dependent) and result in polarisation instabilities at the output of the fibre. The effect was found to vary slightly with make of laser used. The use of a stabilised single-mode HeNe laser should reduce this limitation considerably.
The bandwidth of the present device is limited by the processing electronics to 150kHz. The fundamental bandwidth limit is caused by transit-time effects in the coil which in our case gives a bandwidth of ~13MHz (7.5m fibre length). This serves to emphasise a further benefit of small fibre coils, since the transit-time can be minimised and provide high bandwidth.
Conclusions
A current monitor incorporating 80 turns of spun highly-biref ringent fibre has been demonstrated.
No significant reduction in sensitivity occurred due to linear birefringence effects .
Active compensation for environmental drifts in the output polarisation state has been demonstrated using a piezo-electric fibre stretcher. The approach enabled accurate current measurements up to 370 A rms, with a sensitivity of lOOpA rms. Hz for 1 turn of the conductor.
Further work using a larger number of turns and more injected power should result in even greater sensitivity, possibly of a few microamps. 
